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This study examines cottonseed proteins’ ability to bind southern yellow pine for
plywood applications. Three-ply plywood panels were constructed with varying blends of
cottonseed protein isolate (CSPI), soy protein, and phenol: formaldehyde adhesive. Wet
and dry shear testing revealed that while the novel adhesives did not perform as well as a
commercial control, the CSPI and soy adhesives generated similar shear strengths.
Another set of boards were created, varying the CSPI amount added and the ratio of
water. The powdered adhesive was spread at 15, 25, 35 and 45 lbs./1000 ft2 and the ratios
of protein to water (w/w) were 0.5, 1.0, 1.5 and 2. The resulting boards were tested for
internal bond strength (IB) using ASTM D1037 and the treatments were found to not be
statistically different. Furthering the study into optimizing the temperature and time, the
lowest amount and water ratio were used. The highest mean IB strength was obtained by
pressing at 284°F (140 ℃). The highest mean IB strength for time was 10 minutes and
produced IB strengths significantly different from all other pressing times. Temperature
and time were not found to interact and therefore each affected the mean IB strength
individually (p = 0.0553).

Using these optimized conditions, CSPI adhesive, commercial cottonseed meal
(CM), water washed cottonseed meal (WW) and defatted cottonseed flour (DF) were
used to decide if purity of the protein mattered and if the amount had changed. Using
ASTMD1037, it was discovered that WW at 45 lbs./1000 ft2 had the highest mean
internal bond strength.
Boards made with CSPI adhesive alone and CSPI with guayule were tested for
termite resistance, first by using hardwood veneer and later softwood, against the native
subterranean termite Reticulitermes spp. Both tests were completed by AWPA E1-16
standard trials. Each was found that CSPI had a performance against termites that was not
significantly different from guayule (a known antifeedant). CSPI’s ability to deter
termites is a place for future exploration and is not looked at in depth in this study.
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CHAPTER I
LITERATURE REVIEW
1.1

Protein Adhesion
The scientific community has agreed that adhesion occurs according to one of (or

a combination of) six theories.1 Protein adhesives when applied to wood are generally
understood to have three main processes; mechanical interlocking theory, physical
adsorption theory and chemical bonding theory.2 As these three theories are the ones that
apply to this particular line of research, we will briefly discuss these three mechanisms.
By first looking at protein adhesion to wood through the lens of the mechanical
interlocking theory, the wood’s grain and orientation of cells create a microstructure that
is appropriate for mechanical interlocking with protein.2 Wood is an anisotropic material,
due to the way the cells grow and are oriented.3 The cellular structure, by and large, is
like a series of straws that are bound together and pinched at the ends. Processing trees to
make sheets of veneer requires that thin layers of the tree be peeled off similar to the
mechanism of unspooling of a roll of paper towels. Veneers are peeled off the round
wood in a tangential direction. The natural differences in anatomy between hardwoods
and softwoods mean that the hardwoods tangential layer is, generally, rougher and more
porous. Softwoods lack the large amounts of rays, instead grouping them together into
scattered fusiform ray structures.4 When examining hardwood species vs softwood
species under an electron microscope, it is clear that softwood veneer has a smoother
1

surface with less ways to promote penetration of adhesives as opposed to hardwoods.2
The more gaps in the structure the more opportunities for protein sections that have a
lower molecular weight to interlock and bind, blending into an adhesive-substrate
medium which contributes to adhesion. Figure 1.1 is Sun’s Explanation of the mechanical
interlocking mechanism and how it works in wood cells.

Figure 1.1

Image from Biobased Polymers and Composites by Xiuzhi Susan Sun,
showing the proposed method for proteins to interlock into wood surfaces.2

If a liquid spreads itself onto a surface where the contact angle is close or equal to
zero, it is described as having good wetting properties.1,5 Increased wetting ability of an
adhesive increases the chemical attraction of molecules through increased secondary
bonds, such as hydrogen bonding, Lewis acid-base interactions and van der Waal
forces.1,2 Adsorption theory uses these intermolecular attractions and thermodynamics to
explain portions of adhesion behavior.1,2 The amount of contact that the adhesive has
2

with the substrate increases the amount of secondary bonding that can occur between
them.6 Because wood is a naturally hydroscopic material, there is water bound into the
cells by hydrogen bonding as demonstrated in Figure 1.2.3 Proteins with hydrophilic
sidechains can potentially create hydrogen bonds with this bound water, increasing the
adhesion between substrates. The high ratios of glutamic acid and arginine found in
cottonseed protein isolate may mean that there are many opportunities for hydrogen
bonding.7 The chemical structures for these amino acids are found in Figure 1.3.8,9

Figure 1.2

This image, from Forest Products and Wood Science: An Introduction by
Rubin Shmulsky and P. David Jones demonstrates the binding of water
within the amorphous and crystalline regions of wood molecules3.
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Figure 1.3

Glutamic acid (left) and Arginine (right), amino acids occurring in high
ratios in cottonseed protein isolate. Hydrogen bonding could occur along
their side groups. (Images taken from PubChem)8,9

Chemical bonding between cellulose and proteins is the weakest type of link
possible in the polymer without chemical modification of one or both materials. The
amount of energy required to produce the conditions favorable for covalent bonding
requires energy to be directed specifically toward this process.2 This can be seen between
wood substrates in the case of wood welding, a process similar to linear metal welding.10
Wood is bound together by vibrating one substrate against the other at high frequencies,
adding to the energy of the system, it melts (then cools under pressure) the cellulose,
hemicellulose and lignin together.10 Adding energy to the system (i.e. heat), or otherwise
denaturing the protein, would open up chemically active sites for potential covalent
bonding to occur.11
4

These three theories of adhesion are the most commonly cited when explaining the
mechanisms behind adhesion. In order of importance, the mechanical interlocking theory
explains most of the adhesive phenomena, followed by the adsorption theory and then the
chemical bonding theory.
1.2
1.2.1

Adhesives: A brief History
Bio-Based Adhesives
Adhesives from natural sources have been in use since before the Roman Empire

was in power.12 Ancient civilizations used their observations of the natural world and
learned how it could improve their own lives. This includes using mud and plants to
make shelters and using animal hides for clothing. Nature provided these civilizations a
bevy of challenges but also was a large source of solutions. Humans observed nature and
began to improve upon it to better suit their needs. Adhesive advances they made have
built monuments and structures that have lasted centuries. Arrows have flown straighter
due to the feathers adhered to the back. Leather or paper goods could be bonded and
made into useful artifacts or tools. Even art was affected by the advancement of
adhesives, allowing multiple parts of statues to be glued together rather than made of a
single piece.12
There is also evidence of early forms of wood composites and wood adhesives in
these ancient civilizations. Archeological digs have uncovered the use of bitumen (tar)
and mud as wood adhesives in many building applications.13 Cross oriented wood sheets,
held together with a peg system, were the first foray into plywood for ancient Egyptians,
before they began to use animal glues.14,15 Other glues, such as pine pitch, resins, and
starches were also used by these cultures for a variety of different reasons. These ranged
5

from papermaking to clothing production and building construction.13,14 Wood adhesives
were readily made from casein (made from skim milk), animal proteins, soy flour, and
were even mixed with blood. Soy adhesives were heavily used for interior plywood in the
early 1900s.16
The first known patent for a phenolic resin used for plywood applications was
filed in Britain in 1901, followed nine years later by a French patent for a similar film
application using phenolics.17 During World War I plywood was often used for the
construction of airplanes and at the time the glue was usually casein or blood based.
Surplus materials were found to delaminate after years in storage. This set the stage for
investigation into more water resistant adhesives.15,17
1.2.2

Rise of Petrochemical Adhesives
During the late 1930s, into the 1940s and the era of World War II, the need for

higher quality, higher durability adhesives meant that researchers began to explore new
bonding territory in the form of phenolic compounds.12,18 The low cost methods in which
phenolic-formaldehyde resins could be utilized pushed protein adhesives to the back
burner in favor of cheaper petrochemical adhesives.12 Although protein adhesives made
of both animals and plants had been around for centuries, they were less effective at
maintaining a cohesive bond than phenolics when exposed to water.16 Increased moisture
content leads to a weakening of protein bonds and a larger potential for biodegradation of
the adhesive and wood.16 However, phenolic adhesives still had challenges. Phenolic
resins did not see wide spread use until after World War II, when the demand for longlasting mold proof and water-resistant materials arose.6

6

In the early 20th century, petroleum-based resins become the most economical
option over protein adhesives, due to the stability of oil prices throughout Europe and
North America. With increasing oil prices in the 1970s, and rising interest in
environmental protection, interest was renewed in protein based adhesives.19 However,
the same heightened awareness of environmental health led to increasing concern that
phenol-formaldehyde, the phenolic compound most used by the plywood industry, might
causing harm.20–22 Phenol was added to the list of controlled hazardous wastes under the
Resource Conservation and Recovery Act (RCRA) in 1980, and is today listed as one of
129 priority pollutants by the US Environmental Protection Agency.
1.2.3

Return to the bio-adhesive
In response to extreme weather events that cause emergency housing crises (e.g.

hurricanes Katrina, Marie and Harvey) the wood adhesives and panels market has made
efforts to reduce the amount of formaldehyde (a major component to many of the
petroleum based adhesives) used when making different types of panel products, to
generate a product that will off-gas less formaldehyde when products are in high-stress
applications (e.g. high heat, high humidity, enclosed spaces cooled by HVAC systems).23
The high content of formaldehyde found in the plywood used for the emergency relief
trailers has been indicated in several legal suits for being the cause of illness in many
adults and children.23 The EPA decided in 1991 to label formaldehyde as a probable
human carcinogen. As recently as July of 2016, the EPA set down guidelines to increase
the restrictions on the formaldehyde found in many wood products.24
The medical problems associated with the off-gassing of building products is
commonly referred to as Building Sickness Syndrome.21,25 Formaldehyde resins often
7

have an issue with off-gassing, or releasing all of the free formaldehyde found within the
glue bond. This off-gassing decreases the indoor air quality of the building or home.
Often this is exasperated by high humidity and high temperatures.23 Government
oversight has decreased the amount of off-gassing that is allowed to be associated with
the products in the outlook of public safety.26 However, composite products and the
problems with formaldehyde off-gassing have been known, in varying degrees, since the
1970s.27
With increased limitations on their products many manufacturers are looking for
options to stay ahead of regulations and capitalize on the current demand for so-called
“greener” products, but they aren’t willing to go bankrupt to do it.28 For protein
adhesives, the renewed interest stems from their origin as a plant-based material – a
positive characteristic in the current ecologically-minded society. In the case of plantbased proteins, a large majority of the source material can be found in agricultural wastes
created by current crop production. These raw materials are byproducts with low worth,
but high supply. If they could be made into a useful wood adhesive, then capital
investment for development of these products should be relatively low as well. The
resulting adhesives are a greener, or more environmentally friendly, option. This appeals
to the modern consumer in many cases because it is also seen as an inherently safer, “allnatural” product. An ideal source that springs to mind, and is the case of this study, is
cottonseed.
1.2.4

Cottonseed’s history as an adhesive
Ginning of cotton fibers is a process that mechanically separates the fibers from

the cotton seeds and other plant material. Post ginning, linters are removed from the
8

cottonseed kernels and hulls. The kernels are then pressed to make cottonseed oil. The
solid byproduct left after the oil is taken away is known as cottonseed meal. This raw
material is a byproduct with low worth, usually making its way to animal feed as an
additional protein source. If it could be made into a useful wood adhesive, the abundance
of the material and its relatively low cost would contribute to low capital investment costs
for production. The resulting adhesives could be considered a greener, or more
environmentally friendly, option in many cases.28 This appeals to the consumer in many
cases because it may be seen as an inherently safer, “natural” option.29 It would also add
commercial value to this low-use byproduct of the cotton industry, including to farmers
who receive 10-15% of their income from the cotton seeds alone.30 For these reasons it
has been a development of interest for some time.
However, there is the issue of gossypol, a chemical found in the ligneous glands
of cotton, known to be toxic to many animals and the source of advice that cottonseed
meal not be overfed to animals for fear of poisoning.7,31,32 Initial work was done on the
detoxification of commercial meal in 1913 by feeding the meal to rabbits and using iron
as an antidote.32 Further research found that heat, applied properly, would destroy the
gossypol but also affect the amount of proteins, as heat is a common denaturant of
proteins.33 In 1940, Olcott and Fontaine published their fractional extraction methods in
the Journal of American Chemical Society.34 This work continued with studies looking at
the effect of aging and cooking the cottonseed meal on the protein.33 In 1959, McMichael
published a study on a recessive trait in Hoppi Cotton plants that caused the plant to
produce fewer ligneous glands and thus less gossypol.35 However, as the glands caused
the plant to be resilient to bugs and disease, these glandless cotton plants were difficult to
9

grow and market for commercial fiber use, as they yielded smaller amounts of fibers, and
were prone to various ailments.26
In 1938 a patent was filed on a process that created “fiber-free” protein adhesives
from oil producing seeds, such as soy and cottonseed.36 By the 1950s, Hogan and Arthur
of the USDA Agricultural Research Service (ARS) Southern Reginal Research Center in
New Orleans were trying to use cottonseed meal as an interior hardwood plywood
adhesive.37,38 In more recent studies, it has been found that by refining cottonseed
proteins from the meal leftover after oil extraction, the resulting protein isolate could
have adhesive properties comparable to or slightly better than soy-based blends.29,39–43
Lab scale studies have shown that modified and unmodified cottonseed protein isolate
(CSPI) is a promising hardwood adhesive for the wood products industry. 29,39–43 While
small scale, thin-veneer studies have shown promise to date, a confirmation of practical
application of CSPI adhesive to southern yellow pine plywood veneers, the most widely
used product in the composite boards industry, has not been achieved. Therefore, the goal
of this study is to scale up the creation of wood composite boards made with this
adhesive to something closer to industry products and evaluate its bonding potential and
whether it may be made termite resistant with additional plant-based products.
1.3

Guayule Resin as a Potential Insecticide
Plywood is a material with numerous uses – interior, exterior, and marine grades

all have a place in the current market.3 Protection of plywood from native wooddegrading organisms is a significant facet of production and application of the material.
Discussion of this topic led to the idea that, while investigating the potential for plantbased adhesives for bonding, there might also be an application of plant-based
10

compounds for protection. Guayule (Parthenium argentatum) is a shrub that survives in
arid climates and is found natively in the southwestern United States.44 Similar to Hevea
brasiliensis, the tree that is responsible for latex rubber, guayule can also be used to
create a natural rubber. However, unlike conventional latex, rubber made from the
guayule plant does not carry the same allergy-inducing proteins that H.brasiliensis rubber
contains.45,46 This makes guayule a positive alternative in the rubber making world,
which shows in the history of its development. Guayule has been an investigative trend
when importing H.brasiliensis has been interrupted or been too expensive.44 The same
can be said when petrochemical rubber has been too expensive to produce in the past,
such as during the oil crisis of the 1970s.44
The main pitfall that guayule rubber falls into is economic feasibility. The plant
produces resin along with the rubber, and this resin needs to be extracted before the
rubber can be used.47 When the rubber is synthesized with high amounts of resin there are
negative impacts on the quality of the rubber.47 An extraction method by BridgestoneFirestone has been developed to take the resin out of the rubber, which makes guayule
rubber competitive in the market.48 However, what remains is a sizeable amount of waste
with no economic value, mainly in the form of the bagasse (the plant material remaining
after the rubber has been extracted) and leftover resinous material.
Previous studies have investigated in the possibility of guayule resin being a
possible insecticide.49 In Bultman’s study, the samples that were treated with the resin
were found to have less damage or were completely untouched by many of the wood
degradation organisms they were testing, including teredinids, brown, white, and soft-rot
fungi, and termites. It was observed that the termites had no issue with contact with the
11

resin as they tunneled over the resin treated samples to get to the untreated controls but
did not ingest any of the resin treated samples. Nakayama and Vinyard expanded this
research to include guayule bagasse in a composite board to attempt to establish the
needed amount of resin that is required for termite toxicity.50 They found that particle
board made with bagasse which had been previously extracted for rubber compounds,
without any adhesive, had low termite activity and a small amount of termite mortality
after a week of observation. A branch from a guayule shrub was also included in this
study and revealed total termite mortality after only a week of exposure.50
Another termite study using guayule bagasse and cotton gin byproducts as the
cellulosic furnish in a composite particle board found that the increased concentrations of
guayule bagasse added in the furnish correlated to an increase in termite resistance,
compared with southern yellow pine lumber and cotton gin byproducts alone.51 This
study found that while the guayule bagasse boards had termite resistance the physical
properties were promising.52 However, these studies performed by Holt et al. looked at
the physical properties of these materials as furnish for the products. These studies did
not investigate the ability to hold together southern yellow pine (SYP) veneers. These
studies also had the guayule bagasse spread through the entirety of the board furnish,
instead of concentrated at the glue line or as an all over coating and did not utilize resin
products at all.
Proteins have a history of success in adhesive applications and plant-based
adhesives are highly marketable to today’s consumer, based on their interests in greener,
more “natural” products. The study proposed herein intends to examine both CSPI and

12

guayule resin as adhesives or adhesive additives with southern yellow pine veneer to
make plywood, with the following objectives:
1. Create a multi-ply board using only cottonseed protein isolate as adhesive.
2. Optimize the protein application and pressing conditions, considering current
production strategies in plywood mills.
3. Investigate the optimal percentage of protein necessary for producing boards of
acceptable physical properties, i.e., how little protein is necessary in the adhesive
powder to produce a successful board.
4.

Create suspensions of guayule resin to be applied in exterior coatings on
cottonseed adhesive boards. Determine termiticidal / antifeedant behavior of such
coatings.

13

CHAPTER II
MATERIALS AND METHODS
2.1

Veneer
The veneer used in this project was supplied by Winston Plywood & Veneer, LLC

(Louisville, MS) in the form of 4 ft. by 8ft., southern yellow pine (SYP) veneer sheets.
Veneers were picked up at the facility, transported to the Department of Sustainable
Bioproducts, and stored in constant conditions until use. Veneers were reduced to the
panel sizes mentioned in each section using band and table saws. Veneers were selected
for quality based on presence and absence of flaws including checks, cracks, and knots,
grouped by threes, and set aside until needed.
2.2

Cottonseed Proteins and Byproducts
The commercial cotton meal (CM) defatted meal (DF), water washed meal (WW)

and cottonseed protein isolate (CSPI), were supplied by the USDA Agriculture Research
Service (ARS) Southern Research Station Cotton Utilization Unit in New Orleans. The
main difference between the different types of adhesives are the amount of protein that
each contain. CM is the crushed cottonseed material that is created in the creation of
cottonseed oil. It contains the lowest amount of protein, approximately 55% (w/w).53 The
DF is approximately 60% protein (w/w).54 Water washing (WW) is a refinement process
used by Chen et al with defatted meal, using water to extract the protein.53 It contains 62-
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75% protein (w/w).53 The CSPI is the most purified of all the protein adhesives examined
here with greater than 95% protein (w/w).53
A KitchenAid mixer was used in preparing preliminary particleboard blends in
the laboratory. This mechanism mimics the blending of industrial scale wood particle
adhesive blending systems, on a benchtop scale. For the application of adhesives to
veneers, shakers were used to distribute an even coating of powder while spray bottles
were used to generate an even coating of water on each veneer. These items were
purchased at a local department store.
2.3

Pressing and Testing Equipment
Preliminary testing of wood fiber bonding. Preliminary tests were conducted on

the bonding of wood particles with the highest protein content adhesive, CSPI. These
tests were performed as initial forays into application, binding, and pressing
characteristics of cottonseed protein with wood fibers. Success in bonding smaller wood
particles would be considered an indication that the powdered protein materials could be
feasible veneer-bonding materials
Following the method of Chen, He, and Dowd, the first attempt in making an
adhesive for the cottonseed protein isolate was stirring for two hours in a 12% solution in
water.29 The amount of water in this solution was of concern when attempting to scale up
to a more industrial setting, as it could cause issues with pressing by producing a lot of
steam. The investigator had occurrences of steam pocket explosions when pressure was
relieved during production of small-scale test boards, which led to a re-evaluation of the
water volume included in the furnish-adhesive blend. Investigations began into what form
the adhesive should be when applied and how the moisture content would affect the
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physical properties of the board. After numerous trials, a 33% solution of CSPI adhesive
powder in water mixed continuously over night was selected for the board experiments.
The investigator found that stirring the slurry overnight, as opposed to 2 hours, improved
the distribution of the powder, creating a paste-like suspension.29 The increased number
of solids in this application resulted in a thick slurry with a high viscosity that eliminated
the viability of using a spray nozzle application.
Instead, the paste (2.22 oz, 63 g) was combined with wood furnish (7.65 oz.; 217
g) in a Kitchen-Aid stand mixer (5 quart; 4.73 L) fitted with a flat paddle attachment.
This mechanism is meant to mimic the blending of industrial scale wood particle
adhesive blending systems on a bench top scale. The blended furnish-adhesive mixture
was poured into a prepared 6 x 6 in.2 (15.24 cm2) wooden mold, containing a lubricated
metal base plate, pressed lightly by hand for surface evenness, and the mold was
removed. The particle board mat was then topped with a lubricated metal top plate and
inserted into a Carver-Press-Model-C-12-Ton press (model number 2086), where platens
were heated to 360℉. The 6 x 6 in.2 (15.24 cm2) boards were pressed at 360 °F (182.22
°C) for 4 minutes at 277 psi (1.91x 106 Pa). Test boards were labeled by amount of CSPI
and Water added and tested according to ASTM D1037 section 11 for internal bond
strength.55
Application became an early issue when attempting to blend a board of greater
dimensions, due to the amount of water and the viscosity of the paste. A powder-only
application was attempted. Utilizing furnish that was below 5% moisture content with
only protein powder resulted in a board flaked and crumbled easily. The protein appeared
to require available water to create a stable board. The first attempt of adding water and
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the protein powered into the furnish rather than as a paste adhesive resulted in a
delamination of the board when pressure was released in the Carver press. A second
attempt was made, this time with the 26 x 26 in.2 (66.04 cm2) Diefenbaker press using a
Pressman Computer Control System. Wood furnish was conditioned to 5% EMC. The
furnish and (2:1) protein: water paste were tumbled in a small scale (36 in.; 91.44 cm)
industrial tumbler. The resulting board had an uneven distribution of adhesive, resulting
in a 14 x 14 in.2 (35.56 cm2) board that was not structurally sound and easily flaked apart.
The same amount of paste and furnish was added to a Kitchen-Aid mixer to blend the
material in three batches, as the amount of material was too large for a single run in the
mixer. This application method created a stable board that was able to be compared
against a board that was made with PF resin. These samples were tested on an Instron®
Model Number 5566 that was set up with ASTM D1037 attachments specifically for
section 11, testing of internal bond.
Particleboard into plywood. When positive results (presented in the following
chapter) were found with the particle board formation, the focus shifted to adhesive
potential for veneer, specifically to determining the appropriate amount of moisture and
percentage of plant protein needed to achieve a 3-ply product with strength properties
appropriate for interior use. SYP is a commonly used veneer product in North America
and was selected as the test material for this set of trails. Due to the issues with additional
moisture when pressing particleboard, initial testing of plywood also included an
investigation of moisture content
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2.4 Plywood Trials
2.4.1

Cottonseed, Soy, and Formaldehyde Adhesives
CSPI as a plywood adhesive for 3-ply southern yellow pine plywood panels was

investigated. Veneers for this experiment were 25 x 25 in.2 (63.5 cm2) and conditioned
for a week to a consistent EMC of 12%. Veneer sections were selected from 8 veneer
sheets (each sheet yielded three 25 x 25 in.2 (63.5 cm2) veneer sections) based on quality
(lack of checks, splits, or knots). Three 3-ply boards each were made with 100% dry
CSPI powder, 100% dry soy powder, and a mixture of 50% CSPI with 50% phenolic
formaldehyde resin respectively. A commercially available control, 3-ply sanded pine
plywood, was purchased at a local hardwood store. Due to the dry nature of the powder
application and the moisture content of the veneers, the veneers for both 100% protein
treatments (CSPI and soy respectively) were soaked in water for approximately 5
minutes. This free water addition is required for the adhesive to bind with the wood. The
adhesive quantities were calculated to be approximately 32 lbs. of adhesive per 1000 sq.
feet of single glue line. Each board was pressed at 350°F (176.7 °C) and 1300 psi (gauge
pressure) for 9 minutes. The boards were then conditioned for two weeks in a 12% EMC
humidity chamber before being cut into samples (1 in. x 3.25 in. rectangles with a 1/8 in.
kerf) in accordance with section 6 of the NIST PS 01-07 for investigation of the glue
bond classification.56
For the three tests (vacuum shear, boil shear, and a non-standard dry shear),
twenty-seven samples were required from each panel. Nine samples were randomly
assigned to one of the three tests. Boil shear and vacuum shear tests were both conducted
per the NIST PS 01 07 standard.56
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Briefly, boil shear tests were produced by taking the cut samples and boiling them
in a vessel for four hours, then oven drying (145±5 ℉) overnight before boiling for
another four hours. The samples were then pulled apart at a rate of 16 in. per minute on
an Instron® 5566 Universal Testing System. After the samples were sheared apart and
fully dried, the sample glue lines were assessed for wood/glue failure by visual grading
according to the standard.
For the vacuum pressure test, samples were submerged in cold water inside a
pressure vessel and subjected to a vacuum of approximately 29 in. of mercury for 30
minutes. Vacuum was then released, and pressure of 70 psi was applied for an additional
30 minutes. The samples were taken out of the pressure vessel and tested. The vacuum
and boil shear samples were subjected to the same test forces on the same universal
testing machine. Both were tested while still wet and assessed for wood failure after they
were subsequently dried. The dry shear test was modified from these methods and
included no pretreatment past the 2-week conditioning of the sample.
Dry shear test specimens were simply pulled apart in the same way as the other
two sets of specimens, then examined for wood failure. Statistical analysis on the NIST
tests were performed on test results using SPSS statistical software.
2.4.2

CSPI to Water Ratio Within Glueline Study
The design for the CSPI to water ratio was a split plot blocked design. The

pressing was blocked into 3 days with each treatment being pressed once each day. In the
next series of tests, veneer sections were cut into 8 x 10 in.2 (20.32 x 25.4 cm2) pieces.
The face layers were cut with the grain orientation parallel to the 10 in. (25.4 cm) side,
and the middle layer veneer was cut so that the grain orientation perpendicular to the 10
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in. (25.4 cm) side. All veneer pieces were conditioned to 12% EMC for one week. The
veneers were randomly chosen based on their grain orientation and pressed, with the
adhesive treatment formulations shown in Table 2.1.

Table 2.1

Treatment combinations for amount of CSPI adhesive and water in each
board.

CSPI in LBS/1000ft2 of a single glue line
15
25
35
Water CSPI
Water CSPI
Water
Water (g)
Adhesive (g)
Adhesive (g)
Ratio
(g)
(g)
0.5
1.88
3.78
3.15
6.30
4.41
1.0
3.78
3.78
6.30
6.30
8.82
1.5
5.67
3.78
9.45
6.30
13.23
2.0
7.56
3.78
12.60 6.30
17.64

CSPI
Adhesive
(g)
8.82
8.82
8.82
8.82

45
Water CSPI
(g)
Adhesive
(g)
5.67
11.34
11.34 11.34
17.01 11.34
22.68 11.34

The veneer was weighed, and the water was applied in a mist in an even coating
until the weight change was equal to the desired treatment combination. Then the CSPI
adhesive was administered using a shaker to evenly distribute the powered adhesive
particles under the same guideline. The panels were then layered into a three-ply
arrangement, with adjacent layers oriented perpendicularly, aligned by the edge and
placed into the center of the Carter press. The panels were then pressed at 248 °F (120
℃) for five minutes, at a pressure of approximately 165 psi (1.14 x 106 Pa).
After pressing, the panels were stacked overnight to cool before being cut into 2 x
2 in.2 (5.08 cm2) sample pieces. Those samples were then hot glued to aluminum test
grips according to ASTM D1037 section 11.55 The samples were then broken in tension
through the thickness as shown in Figure 2.1 on an Instron® Universal Testing System.
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Figure 2.1

2.4.3

An example of the ASTM D1037 IB setup with a sample loaded under
tension.

Pressing Temperature and Duration of Pressing Study
The conditioned veneer (12% EMC) sections to be glued were randomly selected

in groups of three. The CSPI added to each glue line was equivalent to 15 lbs./1000ft2.
The water was added by weight (g) and targeted to be half the weight of CSPI. From
previous experiments, these values produced boards with the best internal bond strength
and most consistent strength properties. For efficiency the temperatures were not
randomized but the amount of time in the hot press was. Statistical analysis was
performed in SAS program according to a split-plot blocked design, due to the restriction
on randomization of the temperatures. The hot press treatments were blocked over three
days.
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Starting at 80°C, boards were pressed individually for the specified randomized
time. An example is in Table 2.1 below. A total of three replicate boards were made over
three days. They cooled in a stacked formation overnight, before each panel was cut into
2 x 2-in.2 (5.08 cm2) square samples and labeled with the day it was pressed, the
treatment and a random replicate number. Among these squares, 5 samples per board
were randomly selected and glued to aluminum testing grips for IB strength testing. The
force per square inch required to rupture the sample was taken as the response variable.
Table 2.2

Example of the randomization in the time and temperature study, blocked
by days. Days two and three were similarly arranged, with randomized
press times at increasing temperatures.

80 °C
100 °C
120 °C
140 °C
160 °C

2.4.4

2 minutes
2 minutes
4 minutes
8 minutes
8 minutes

Day One
8 minutes
10 minutes
6 minutes
4 minutes
8 minutes
6 minutes
10 minutes
2 minutes
6 minutes
4 minutes

6 minutes
10 minutes
10 minutes
4 minutes
10 minutes

4 minutes
8 minutes
2 minutes
6 minutes
2 minutes

Percentage of Protein in Adhesive Powder Comparison
Previous tests optimized the CSPI adhesive powder to water ratio to create

plywood panels and the conditions under which they should be pressed. However, further
testing was performed to determine the purity of protein that would create the strongest
panel. The 3-ply panels for this series of tests were created in a similar way to the
procedures described in previous sections. The adhesive to water ratio was 1:0.5. CSPI
adhesive, commercial meal (CM) water washed meal (WW) and defatted flour (DF)
represented the variations in protein content. Using optimized time and temperature from
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the previous studies the boards were pressed for 8 minutes at 284 °F (140 ℃) and
approximately 165 psi (1.13 x 106 Pa)
2.4.5

Creation of Guayule Resin Suspension and Testing of Resin-Coated
Cottonseed-Bonded Boards Against Native Termites
Guayule resin does not readily dissolve or suspend in water, so acetone was used

as the solvent for suspension. Percent (w/v) solutions were created at 25%, 50%, and
75% guayule: acetone. Each type was applied to a sample section of SYP veneer to
determine discoloration of the veneer and drying rate of the solution when an even
coating was applied. The 50% solution was selected for its ease of application onto the
veneer surface. In different application methods, test samples were made and exposed to
a no-choice termite test according to AWPA E1-17.57 Testing was performed in two
stages: first, with thin hardwood veneer lap-joint sections provided by collaborators, then,
with multi-ply SYP plywood bonded with CSPI:water adhesive with a coating of the
previously mentioned 50% guayule suspension.
Poplar (Populus spp.) hardwood veneers were adhered with CSPI and
CSPI/guayule resin combinations by colleagues at USDA ARS Cotton Utilization Unit
(New Orleans, LA). The samples were 2- ply, with thin veneers glued with the CSPI
adhesive alone or CSPI adhesive and guayule resin, similar to those produced for lapshear testing in other studies. Individual sections of hardwood veneer were used as a
control, without adhesive. The samples were compared to a southern yellow pine (SYP)
control group. The protocol used for this testing was AWPA-E1, Standard Laboratory
Methods for Evaluating the Termite Resistance of Wood-based Materials.57 Briefly, 1 x 1
in.2 (2.54 cm2) samples were prepared. Five replicates of each treatment were tested,
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aside from the hardwood control as a result of material limitations. The SYP controls
were the same size and treated in the same manner as the test samples. Each sample was
placed into a sterilized jar containing 150 g sand and 31 mL of water, and then inoculated
with approximately 400 native Reticulitermes flavipes termites, with less than 10%
soldiers (individually counted and weighed to be an average of 1 g). These jars were then
placed in an incubator at 80.6 °F (27º C) and monitored for 28 days. The mass of each
sample and control was taken before and after termite exposure at oven dry conditions.
Visual ratings were assigned according to examples given in the standard.
To further test the termiticidal abilities of the guayule product, pieces of the
plywood created in Section 2.4.2 were further machined and randomly selected for an
AWPA E1-17 termite test.57 The wild termites were collected from Mississippi State
University’s Dorman Lake Test Facility as shown in Figure 2.2. Treatments chosen were
combinations of water ratios 2.0 and 0.5 with 15 lbs. and 45 lbs. per 1000 ft2 of CSPI.
Five samples were created for each treatment. A second set of five of the 0.5 water ratio
with 15 lbs. CSPI treatment was coated in approximately 0.2 g of guayule resin (50% w/v
in acetone) and allowed to dry. All samples were conditioned to 12% EMC. Once
conditioned to a stable weight, the samples were placed in plastic jars with loose screw
top lids, with sand (150 g) and water (30 mLs) as shown in Figure 2.3. The samples were
exposed to an average of 400 termites with less than 10% soldiers (approximately 1 g,
calculated as discussed in previous sections) for four weeks. Jars with no observed
termite activity for three consecutive days were taken down to discourage mold growth
on wood samples following termite death, a common occurrence when termite corpses
are allowed to remain in warm, moist test conditions which can skew test results
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Figure 2.2

Collection of termites from infested downed trees at Dorman Lake field
testing site (Starkville, MS).
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Figure 2.3

Termite tunneling behavior during standard AWPA E1-17 testing.

At the end of the test, samples were weighed after being cleaned of all sand
particles and weighed again after equilibration at 12% EMC to a constant weight.
Exposed test pieces were visually graded and any termite feeding behavior was noted.
Jars with active termites were taken down at the prescribed test conclusion and the
numbers of live termites within each jar were recorded. This number was used to
calculate the percentage of termite mortality.
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CHAPTER III
RESULTS
3.1

Particleboard Internal Bond Strength
Preliminary test into internal bond strength of protein adhesive of particle board

with high protein content adhesive (CSPI). The CSPI was significantly lower in internal
bond strength when compared to the control particle board. The plywood pieces that were
also tested with the particle board samples however were more encouraging. In Table 3.1
the mean and variance of each board sample was tested. These tests obviously have
glaring issues in the terms of variance. However, it does give a relative understanding on
the difference in strength on CSPI.
Table 3.1

Internal Bond (IB) and maximum load (Max load) achieved by preliminary
boards, with variance.

Control PF Particle board
CSPI particle board
Plywood with CSPI
(30lbs./1000ft2glueline)
Plywood with CSPI
(70lbs./1000ft2glueline)

IB (psi)

Mean
99.6

Variance
1712.0

Max load (lbs.)

405.36

28395.0

IB (psi)

2.23

1.51

Max load (lbs.)

9.13

25.1

IB (psi)

42.3

160.6

Max load (lbs.)

169.2

2570

IB (psi)

31.6

30.9

Max load (lbs.)

126.0

518
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3.2

Cottonseed, Soy and Formaldehyde Adhesives
Statistical analyses on the NIST tests wood/glue failure were performed using

SPSS statistical software, using ANOVA with Tukey’s HSD and the LSD post hoc tests.
While none of the protein-adhered boards outperformed the commercially available
control, the CSPI treatments did not significantly differ from the soy samples for all but
the non-standard dry test with respect to wood/glue failure. In the non-standard dry test,
100% soy and 100% CSPI adhesives were determined to be significantly different
(p≤0.05) from one another. While no treatment in the NIST vacuum test, besides the
control, was significantly different from the others, 100% soy and 100% CSPI adhesives
were not statistically different in performance for the vacuum shear test. This
performance when compared to the 100% soy protein adhesive seems to indicate that the
CSPI has promise regarding mechanical performance with respect to other protein
adhesives. This is in agreement with previous work from other laboratories.41
3.3

CSPI to Water Ratio Within Glueline Study
The resulting strength of boards made with different CSPI to water ratios was

found to not be statistically different. The water ratios and the amount of CSPI added did
not significantly interact (p = 0.4463) and the adhesive amount and water ratio were also
found to not differ significantly (p = 0.2690 & 0.5598 respectively). The five strongest
mean IB strengths are reported in Table 3.2 with the mean responses shown by treatment
in the graph Figure 3.2. Highest performing treatment combinations of adhesive: water
ratios per 1000ft2 of glue line. Mean separations of the same letter indicate no significant
difference in internal bond (IB) strength. A complete table of all samples’ IB strength and
mean separations can be found in APPENDIX A. Due to this lack of statistical
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interaction, it is presumed that the amount of water and CSPI added per square foot of
glue line can be reduced to lower amounts to achieve a similar strength. This finding
potentially increases the commercial viability of CSPI as an adhesive.
Table 3.2

Top five treatment combinations of water with CSPI, reported as ratio,
amount of adhesive per 1000 ft2 of glue line, and average IB strength
across replicates.

Water Ratio
(Water / CSPI)
2.0
1.0
0.5
1.5
2.0

CSPI (Lbs. per 1000ft2 of
glue line)
15
25
15
25
25
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IB strength (psi)
78.7
70.3
68.4
65.8
65.4

Figure 3.1

3.4

Amount of adhesive and water are shown to not have an interaction in this
mean response plot of mean internal bond (IB) strength.

Pressing Temperature and Duration of Pressing Study
The heating of the platens for the press became a factor in the experimental

design, as it could not be easily randomized in the amount of time necessary for the test.
This meant that all the times were randomized over a single temperature range before the
temperature was increased to the next mark. For this reason, the temperature and time
study was set up in a split plot blocked statistical design, which was verified by
consultation with a professional statistician in the MSU Department of Mathematics.
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For temperature, the highest mean IB strength was obtained by pressing at 284°F
(140 ℃). This result was chained with 248°F (120 ℃) and 320°F (160℃), but still gave
the overall highest mean for the experiment. The highest mean IB strength for time was
10 minutes and was significantly different from all other times attempted. However, the
plywood industry would prefer the smallest press time window available.
Temperature and time were not found to interact and therefore each affected the
mean IB strength individually (p = 0.0553). Researchers decided that even though the
two effects did not interact, the combinations of time and temperature should be
evaluated and ranked as if they had. The boards that had the two highest IB strengths
were 320°F (160℃) at 10 minutes and 284°F (140℃) at 8 minutes. Due to them being
chained in the case of statistical of the interaction and that 284°F (140℃) at 8 minutes
should be a more energy efficient press condition, it was determined that this
combination would be the target hot press conditions moving forward with the project.
3.5

Percentage of Protein in Adhesive Powder Comparison
The percentage of protein within adhesive powder study was carried out in a

completely randomized block design. Statistical analysis completed with SAS statistical
software determined that the type of adhesive (CSPI, DF, WW, and CM) interacted
significantly with the amount that was applied (p = 0.0077). The blocks of the experiment
were the days that the replicate samples were created. The standard error for all treatment
combinations was 6.0+- 0.214. The top five treatments were all statistically chained
together (See Figure 3.3) The WW meal at 45 lbs./1000ft2 developed the highest mean
for internal bond at (78.1 psi), and the overall mean internal bond range was 60 psi and

31

78 psi. WW adhesive appeared twice in the top five strongest bonds, suggesting it
performs similarly at the levels of 45 and 30 lbs./1000ft2.

90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0

47.3c
48.7cd
55.5bcd
55.8bcd
55.9bcd
57.0 bcd
57.2bcd
58.7bcd
64.5abc
69.6ab
71.6ab
78.1a

Internal Bond Strength (psi)

Treatment combinations versus Internal
bond strength

DF30
WW15
CM30
DF45
PI45
PI15
CM45

WW45
DF15
PI30
WW30
CM45
PI15
PI45
DF45
CM30
WW15
DF30
CM15
Treatment Combinations (Type vs. Amount)
Figure 3.2

CM15

WW30
PI30
DF15

Distribution of internal bond strength foreach treatment combination.
Letters at the top of each column represent separation of means into
statistically different groups. Patterns represent each adhesive type.
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Figure 3.3

3.6

Statistical output from the percentage of protein in adhesive powder
experiment. All treatments are chained together statistically, however,
water washed meal at 45 lbs./1000ft2 was only linked with the other top
performing combinations of adhesive and water.

Testing of Guayule Resin Applications Against Native Subterranean
Termites
ANOVA statistical analysis was performed with Tukey’s HSD and LSD post hoc

tests. On visual rating, the softwood control was significantly more damaged than the
33

CSPI/guayule (p = 0.018), according to the Tukey’s HSD results. According to LSD for
visual rating, CSPI/guayule was significantly different from the hardwood control (p=
0.037) and the softwood control (p = 0.004). CSPI was also shown to be significantly
different from the softwood control (p = 0.025) but not the hardwood control (p= 0.494).
Average scores of each test for each treatment group are given below in Table 3.3.

Table 3.3

Average mass loss and visual rating for treatment groups. Superscripted
letters with each result indicate separation by statistical difference.
Standard Deviation
Average visual of Visual Rating
ratings

Treatment Group

Number of
Replicates

Average
Mass loss

Hardwood Control

3

236.0 mgb

4.3bc

Softwood Control

5

435.8 mga

3.2c

CSPI Adhesive

5

178.2 mga

6.7ab

CSPI/Guayule
Adhesive

5

78.4 mga

8.1a

3.8
1.8
2.5
0.9

Regarding mass loss, Tukey’s HSD indicated that both CSPI only (p = 0.028) and
CSPI/guayule (p = 0.003) were significantly less damaged than the softwood control in
the first series of AWPA E1 no-choice tests. The LSD analysis of the mass loss due to
termites pointed to the two controls being significantly different from each other as well
(p = 0.049), with softwood controls being more deteriorated. Tukey’s LSD analysis
showed that both CSPI (p = 0.006) and CSPI/guayule (p = 0.001) were significantly more
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sound than the softwood control. In both statistical tests, the adhesive treatments were not
significantly different than the hardwood control.
This indicates that hardwood control, CSPI only and CSPI/guayule adhesive
specimens are better at reducing mass loss due to termites over untreated pine samples.
Based on visual grading it seems that CSPI/guayule is superior to SYP samples at
resisting attacks from termites. Further tests with the adhesives on SYP veneer should be
completed to ensure that the hardwood was not a factor in the repellency of the termites.
A few of the samples are shown below in Figure 3.4

Figure 3.4

Samples provided by USDA ARS after termite exposure. Arrows indicate
feeding behavior. (A) is the softwood control, (B) is hardwood control, (C)
is CSPI adhesive only and (D) is the CSPI/Guayule blend, all following
termite exposure.
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The second test of termiticidal resistance was performed with the boards from
adhesive bonding with various percentages of protein, a treatment of which was coated in
a 50% (w/v) guayule: acetone suspension. Regarding weight loss in the samples, guayule
coated samples were the only significantly different samples. It should be noted that these
samples gained weight while in the termite test containers. The samples in the container
were in conditions that approached the fiber saturation point (generally assumed at 30%
moisture content), and guayule is a hydrophobic compound. The mechanism of this
weight gain is therefore unknown. It could be that the coating is maintaining water within
the sample, and thus giving an inaccurate mass change value. While the samples did not
vary from the controls with respect to weight loss, all the treated samples were
significantly different from the controls in terms of termite mortality. All samples except
the treatment group of 15 lbs. of adhesive per 1000 ft2 with a 2.0 water ratio and the
controls reported 100% mortality within the testing period. The controls had a 39.6%
mortality rate, while the treatment 15 lbs. of adhesive per 1000 ft2 with a 2.0 water ratio
had a mortality percentage of 88.5%. Images of experimental samples below (Figure
3.5)illustrates the difference between before and after.
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Figure 3.5

Image A - guayule coated sample after exposure to termites. Image B sample with no guayule coating after exposure to termites. Image C guayule coated samples before exposure. Dark coloration in A and B
images is due to moisture.
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CHAPTER IV
CONCLUSION
4.1

Regarding Cottonseed Adhesive Use in Multiple Plywood Products
Cottonseed protein works as an unmodified wood adhesive, with some limitations

to its range of use. However, this study has concluded that on its own, CSPI (high protein
percentage / extensive refining process) will likely never see usage in the structural
market without modification. SYP is the predominate species used in plywood veneers.
As discussed in the introduction, it is more likely that the rough microstructure of
hardwoods would be a better substrate to use for this adhesive. For interior or decorative
plywood however, the cottonseed protein adhesives have strong potential. Soy protein
adhesives have already found a place among the hardwood interior market. CSPI could
be a strong competitor, as seen in its comparable strength values.
This study has also found that the amount of water and CSPI added per square
foot of glue line can be changed depending on need and function. The different ratios of
water to protein powder tested in this study did not generate board products that varied
significantly in their internal bond strengths, which means a cost reduction may be
possible with reduced consumption of adhesive and water during a manufacturing
process utilizing these adhesive types. This would help the plywood panel industry find a
way to promote usage of “greener” adhesives with a relatively low investment in
modifications to use these products.
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The optimal conditions determined in this series of studies for pressing SYP with
CSPI were pressing for 8 minutes at 284°F (140℃). While longer and hotter pressing
times generated boards with higher internal bond strength properties, it may be unlikely
for the industry to press at those conditions, as an extended pressing time and higher
temperature would require more energy input and a reduction in panel output per minute,
possibly reducing overall profitability. It was decided that 8 minutes at 284°F (140℃)
would be the press conditions likely to be acceptable for industry use, while generating a
panel product with acceptable physical properties.
There is low variation in the strength values produced by the adhesives examined
here with different protein concentrations. This study found that WW at the 45 lbs.
/1000ft2 application amount produced the strongest board. However, 30lbs/1000ft2 of
water washed meal with a 0.5:1 ratio of water performed similarly, producing statistically
chained mean values, it would be the sensible and obvious conclusion that the application
requiring less material to produce an acceptable strength value be used for any industrial
purposes.
The initial study of the cottonseed adhesives’ ability to deter termite attack as
effectively as a known antifeedant/termiticide (guayule) was an interesting surprise and
deserved further study. The second portion of the termite study, using the guayule as a
coating, found that the samples that had the coating were the least attacked. While the
CSPI samples did not vary significantly from the controls with respect to weight loss, all
the treated samples were significantly different from the controls in terms of termite
mortality. The mortality for all experimental samples were 100% except for the controls,
which had a 39.6% mortality rate, and the treatment of 15 lbs. per 1000 ft2 of CSPI with a
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2.0 water ratio which had a mortality rate of 88.5% within the testing period. This
indicates that something about the CSPI is causing termite death or causing termites to
refuse to feed on wood materials adhered with cottonseed proteins. However, those
mechanisms were beyond the scope of this study.
This study concludes that water washed cottonseed meal could be a competitor for
soy in the hardwood interior panel products market but the usage of these protein
adhesives in the structural or softwood plywood market will likely not be acceptable to
the broader industry due to decreased internal bond strength when compared with
alternative adhesives.
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APPENDIX A
DATA FROM INTERNAL BOND STRENGTH TESTS OF PERCENTAGE OF
PROTEIN IN ADHESIVE POWDERS

46

Table A.1

IB Strengths for 15 lbs. / 1000 ft2

CSPIAMOUNT WATERRATIO BOARDNUMBER
0.5
1
15
2
3
1
2
3
1
2
3
1
2
3

1

1.5

2

Table A.2

Mean

Std Dev

84.223
65.496
55.394
47.456
62.498
73.487
55.421
53.098
78.003
67.739
102.410
65.941

7.768
40.374
14.405
12.844
11.485
19.770
6.348
4.827
8.262
6.759
24.628
4.326

Mean

Std Dev

55.680
56.280
40.731
74.566
84.877
51.351
63.559
79.574
54.378
60.962
58.532
76.710

10.539
13.115
4.519
12.960
11.065
3.642
21.398
13.990
5.354
8.676
7.292
37.853

IB Strengths for 25 lbs. / 1000 ft2

CSPIAMOUNT WATERRATIO BOARDNUMBER
0.5
1
25
2
3
1
2
3
1
2
3
1
2
3

1

1.5

2
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Table A.3

IB Strengths for 35 lbs. / 1000 ft2

CSPIAMOUNT WATERRATIO BOARDNUMBER
0.5
1
35
2
3
1
2
3
1
2
3
1
2
3

1

1.5

2

Table A.4

Mean

Std Dev

59.089
60.493
54.765
58.059
56.599
57.438
62.465
68.723
61.509
60.315
59.003
62.678

4.544
18.028
4.109
7.429
2.350
12.567
10.372
17.158
3.784
5.816
9.935
11.717

Mean

Std Dev

57.388
52.953
74.457
51.270
54.660
68.959
56.026
64.693
56.015
56.471
61.794
59.887

13.136
3.138
23.542
6.295
5.449
14.056
4.480
8.989
9.161
9.054
8.861
13.142

IB Strengths for 45 lbs. / 1000 ft2

CSPIAMOUNT WATERRATIO BOARDNUMBER
0.5
1
45
2
3
1
2
3
1
2
3
1
2
3

1

1.5

2
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Figure A.1

Mean separation of amount of adhesive (per 1000 ft 2 of glue line) and ratio
of adhesive to water.
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